Abstract. A significant number of HER-2 amplified breast cancers is effectively treated by trastuzumab and further shows receptor-enhanced chemosensitivity.
Introduction
Overexpression and/or amplification of the receptor tyrosine kinase HER-2 occurs in 15-20% of breast cancers and is related to a shorter overall survival (1) . A significant number of these tumors is effectively treated by trastuzumab, an antibody directed to the ectodomain of p185 HER-2 . In breast cancer cells with HER-2 amplification, HER-2 is phosphorylated by spontaneous homodimerization. Another generally accepted mechanism of HER-2 activation takes place by ligand-mediated heterodimerization with other members of the human epidermal growth factor receptor family, EGFR-1, HER-3 or HER-4 (2) . Heregulin (HRG, also called neuregulin 1, NRG 1), is a ligand for HER-3 and HER-4, leading to transphosphorylation and transactivation of HER-2 (2, 3) . In vitro studies have demonstrated a stimulating effect on proliferation in breast cancer cells by low concentrations of HRG, regardless of HER-2 overexpression. High concentrations of HRG on the other hand result in growth inhibition in cells overexpressing HER-2 (4, 5) . Further observations have indicated that overexpression of HRG induces a more aggressive, hormone-independent phenotype in breast cancer cells that do not overexpress any of the HER receptors (6) . Nonetheless blockage of HRG expression in breast cancer cell lines inhibits cell proliferation and thus the malignant metastatic potential of the tumor cells in vitro (7) .
These results indicate a possible therapeutic benefit from blocking HRG in breast cancers. Binding of HRG and the stimulating effect on cell cycle progression is blocked by monoclonal antibodies to HER-2 in breast and ovarian tumor cells, but this effect depends on expression of HER-2 in the tumor cells (2) . However, Menendez et al have provided evidence that trastuzumab inhibits HRG induced HER-2/-3 phosphorylation and enhances chemotherapeutic effects of cisplatin even in breast cancer cells with weak or negative HER-2 expression but high levels of HRG and phosphorylated/activated HER-2 (8) . The authors postulate that this subgroup of tumors would benefit from chemotherapy with trastuzumab and/or cisplatin/ taxan even in the absence of HER-2 overexpression. Considering the crucial therapeutic consequences resulting from these oberservations we investigated the expression levels of HRG with phosphorylated HER-2 (pHER-2), HER-3 and HER-4 in HER-2 negative human breast cancers of the GENICA population-based breast cancer casecontrol collection.
Materials and methods
Patients. Incident breast cancer patients and tumor tissues were recruited from the GENICA study (Interdisciplinary Study Group on Gene-Environment Interaction and Breast Cancer in Germany) that was conducted as population-based case-control study during 2000-2004. Inclusion criteria for study subjects were a histopathologically confirmed diagnosis of first primary breast cancer, Caucasian descent, residency in the greater Bonn area in Germany and age <80 years. The ethics committee of the University of Bonn approved the GENICA study. All participants gave written informed consent. Tissue samples from 171 patients with negative HER-2 status were available at Bonn University for immunohistochemical analysis.
Immunohistochemistry. Tissue specimens were fixed in 4% buffered formaldehyde and embedded in paraffin. Immunohistochemical stainings were performed on 4-μm sections with an immunostainer (Techmate 500; Dako Glostrup, Denmark). Citrate buffer (0.1 M) was used as unmasking solution (pH 6.0 for HRG, HER-3, HER-4; pH 9.0 for pHER-2). The antigen-antibody binding was visualized by means of the avidin-biotin complex (ABC-method) using AEC (3-amino-9-ethylcarbazol) as chromogen.
The following primary antibodies were used: HRG mouse monoclonal antibody, clone P137 (Novacastra, Newcastle upon Tyne, UK), HER2-pY-1248 (pHER-2) mouse monoclonal antibody, clone PN2A and HER-2 mouse monoclonal antibody, clone A0485 (Dako).
HER-3 mouse monoclonal antibody, clone SGP1, and HER-4 mouse monoclonal antibody, clone HFR-1 (Labvision, Fremont CA, USA). All antibodies were incubated overnight at 4˚C. Dilutions were 1:25 for HRG, HER2-pY and HER-4, 1:50 for HER-3.
Evaluation of immunohistochemistry.
For HER-2 staining, the Hercep Test scoring method was used (Dako), considering only complete membrane staining in >10% of cells to be positive (Dako Score 2+, 3+). All tumors in this study showed absent or incomplete membrane staining for HER-2 (Dako score 0, 1+). For pHER-2, only membrane staining was considered positive.
Scoring of cytoplasmic staining of HER-3, HER-4 and HRG was performed as follows: the percentage of cells stained (0-100%) was multiplied with the staining intensity (1, weak; 2, moderate and 3, strong) to give a maximum histoscore of 300. Tumors were considered positive for cytoplasmic staining if the score was 40 and higher.
If present, any nuclear staining of HER-3 and HER-4 was assessed positive. Estrogen and progesterone receptor positive tumors showed positive nuclear staining in at least 10% of the tumor cells. For statistical analysis the ¯2 test was used.
Results

Immunohistochemical staining of pHER-2, HER-3, HER-4 and HRG in breast cancer tissue.
Distinct membrane staining of pHER-2 was seen in a group of HER-2 overexpressing breast cancers that served as positive controls and furthermore within the HER-2 positive in situ component of otherwise HER-2 negative invasive carcinoma ( Fig. 1A and B) . We failed to detect any membrane pHER-2 staining in any of the tumors lacking HER-2 overexpression. Five tumors displayed faint cytoplasmic staining for pHER-2 which was not considered positive and did not correlate with HER-2 status.
Weak to moderate cytoplasmic staining of HRG was a constant finding in non-neoplastic mammary glands, fibroblasts and vascular smooth muscle cells. Staining within the tumor cells also turned out to be cytoplasmic (Fig. 1F) . Nuclear or membrane staining for HRG was not observed.
HER-3 staining was occasionally seen in the nonneoplastic breast tissue. Expression within tumor cells was mainly cytoplasmic. Only a few cases showed faint nuclear (n=9) or membrane (n=6) staining (Fig. 1C-E) . Staining of HER-4 was similar with only a few cases revealing nuclear or membrane staining. The results of cytoplasmic staining of HER-3 and HER-4 are summarized in Tables I-III Table I . Immunohistochemical expression of heregulin (HRG), HER-3 and HER-4 in HER-2 negative breast cancers. 
(17) -----------------------------------------------------------------------------------------------------
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tumors with HER-3 was detected: 55% of HER-4 positve tumors were HER-3 positive, p=0.0441. This did not apply to HER-3 in the reverse case. A minority of tumors was negative for the estrogen receptor (ER, 8%) or progesterone receptor (PR, 17%). No significant association of ER or PR with expression of HRG, HER-3 or HER-4 was observed. Results are given in Table I . Table II . Correlation of immunohistochemical HRG-, HER-3-and HER-4 expression with tumor chracteristics of HER-2 negative breast cancers. 13 (8) 2 (5) 5 (7) 3 (9) 8 (8) G2 84 (49) 18 (41) 37 (55) 15 (45) 52 (52) G3 74 (43) 24 (55) 25 (37) 15 (45) 40 (40) 
Correlation of immunohistochemical results with tumor characteristics and clinical follow-up. As demonstrated in
-----------------------------------------------------------------------------------------------------
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b Score 0.
- Table III . Correlation of immunohistochemical HRG-, HER-3-and HER-4 expression and other factors with overall and disease-free survival in HER-2 negative breast cancers.
- Follow-up data were available in 88 cases (Table III) . Nine patients died and 22 patients suffered from recurring disease within five years after diagnosis. The occurrence of lymph node metastasis correlated significantly with shortened disease-free survival (p=0.009) and overall survival (p<0.001). Advanced T-stages (T2-4) correlated with shortened overall survival (p=0.047). However, no correlation of overall and/or disease-free survival with HRG, HER-3 and HER-4 expression was seen.
----------------------------------------------------------------------------------------------------Number of patients OS <5 years OS >5 years DFS <5 years DFS >5 years -----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------- OS, overall survival; DS, disease-free survival. -----------------------------------------------------------------------------------------------------
Discussion
Regarding new therapeutic options for the treatment with HER-2 antagonists, it is of special interest whether there is any evidence of transactivation of HER-2 in breast cancers without HER-2 overexpression. In our study, we therefore focused on HER-2 negative breast cancers to investigate expression levels of HRG, phosphorylated HER-2 (pHER-2), HER-3 and HER-4.
Our first important finding was the complete lack of pHER-2 in our study group. This result confirms a previous study from Thor et al who failed to detect pHER-2 in 509 breast cancer cases without HER-2 expression (9). In addition, we found that even tumors with low expression of HER-2 did not express pHER-2. Obviously, pHER-2 expression is restricted to tumors with high overexpression/amplification of HER-2. These findings are in contrast to a study by Menendez et al (8) . These authors investigated pHER-2 expression in 189 breast cancers including 60 HER-2 positive tumors. Phosphorylated HER-2 was expressed in 45/189 breast cancer cases, but only 7 of these 45 cases were HER-2 positive. From this it follows that 38 of 129 HER-2 negative cases (29%) expressed pHER-2. In contrast, our data do not confirm these results. Of note, the present study as well as the studies by Menendez et al and Thor et al obviously were using the same primary antibody fo detection of tyrosine phosphorylated erbB2 (PN2A) (9, 10 ). An explanation may be differences in the case cohorts with regard to the age at diagnosis, histopathological para-meters and ethnic group.
HRG, a ligand of HER-3 and HER-4, is being considered a keyfactor for HER-2 transactivation. Several studies have demonstrated expression of HRG in breast cancer tissue (8, (11) (12) (13) . Although different primary antibodies and different methods of staining assessment were used, cytoplasmic expression of HRG in 30-50% of breast cancers was a corresponding finding of all studies. We also found positive expression of HRG in 24% of the tumors, using a scoring level of 40/300 as cut-off for positive expression. There are conflicting results on possible implications of HRG for tumor biology. A more aggressive phenotype of breast cancer cell lines expressing HRG has been described earlier (5, 6) . On the other hand, authors have reported a poorer prognosis for tumors with low expression levels of HRG (11). We could not identify any correlation of absent expression or overexpression of HRG with clinical tumor data and survival.
In addition, we have no evidence of HER-2 activation/ phosphorylation in HER-2 negative tumors that overexpress HRG. This is in contrast to the results of Menendez et al who found 67% of HRG-overexpressing tumors to be in active (phosphorylated) HER-2 status (8). Furthermore, we found no relationship of HRG expression with expression of its receptors HER-3 and HER-4. Based on our immunohistochemical data, the role of HRG in tumors without HER-2 overexpression and without HER-2 phosphorylation is unclear.
Independent of HER-2, both HER-3 and HER-4 may become activated by binding of different ligands and homodimerization (14) . Expression of HER-4 could be demonstrated in several types of human tissues and tumors (15, 16) . Cleavage of the HER-4 protein leads to translocation of the intracellular domain into the nucleus and regulation of gene transcription (17) . Therefore, membrane, cytosolic or nuclear isoforms of HER-4 may be detected by immunohistochemistry due to the different primary antibodies. The HFR-1 antibody used in the present study recognizes the intracellular domain of HER4, thus showing preferentially cytoplasmatic and rarely nuclear staining (18) . Tovey et al assumed a protective effect of HER-4 if homodimerization occurs, but loss of this effect when other HER members were activated by heterodimerization with HER-4 (18). We were able to confirm coexpression of HER-4 with HER-3, as reported previously (19) . However, neither of them was associated with clinical outcome or known prognostic factors in our breast cancer group.
In conclusion, we have no evidence of HER-2 activation/ phosphorylation in HER-2 negative tumors based on immunohistochemical data. Although we found HRG expressed in a substantial number of tumors, the biological function of HRG as well as its receptors HER-3 and HER-4 in absence of HER-2 activation remains to be elucidated.
